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Background: CFTR is the only ABC transporter functioning as a chloride (Cl−) channel. We studied molecular determinants, which might distinguish
CFTR from standard ABC transporters, and focused on the interface formed by the intracellular loops from the membrane spanning domains.
Methods: Residues from ICL2 and ICL4 in close proximity were targeted, and their involvement in the functioning of CFTR was studied by whole
cell patch clamp recording.
Results: We identiﬁed 2 pairs of amino acids, at the extremity of the bundle formed by the four intracellular loops, whose mutation i) decreases the Cl−
current of CFTR (couple E267–K1060) or ii) increases it with a change of the electrophysiological signature (couple S263–V1056).
Conclusions: These results highlight the critical role of these ICL residues in the assembly of the different domains and/or in the Cl− permeation
pathway of CFTR.
© 2013 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: CFTR; ICL; Structure-function; Channel gating; ABC transporter1. Introduction
Chloride (Cl−) fluxes through cellular membranes are achieved
by membrane proteins including Cl− transporters and Cl−
channels that catalyze ion flow by two distinct mechanisms.
Schematically, channels have only one gate that opens and closes
in response to external stimuli, whereas the substrate translocation
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.lishedsimultaneously open [1,2]. However, the separation between
channels and transporters has become less clear: within the ClC
family it was shown that the same basic architecture can support
both Cl− channel and Cl−/H+ antiporter functions [3,4]. Another
example of functional versatility between channels and trans-
porters, implying a unique structural scaffold, is the Cystic
Fibrosis Transmembrane conductance Regulator (CFTR) protein,
which mainly controls the Cl− transport in epithelial cells [5].
CFTR (ABCC7) belongs to the superfamily of ATP-binding
cassette (ABC) transporters, however, among the 49 human ABC
proteins, only CFTR is known to function as an ion channel [6].
Dysfunction of CFTR causes the fatal inherited genetic disorder
cystic fibrosis (CF) [7]. Members of the ABC superfamily use an
alternate access mechanism, with two gates that open alternatively
to allow access to the substrate-binding site from the cytoplasm or
from the extracellular milieu. The CFTR anion channel appears to
have evolved from this ABC architecture.by Elsevier B.V. All rights reserved.
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pathway have mostly been explored in the transmembrane (TM)
helices from the membrane-spanning domains (MSDs), proposed
to form the channel pore [8]. Results deduced from comparative
sequence analysis have highlighted some amino acids in TMs,
which appeared to be involved in the evolutionary transition from
transporter to ion channel, [9]. It has also been surmised that the
cytoplasmic-side gate (inner gate) of CFTR has become atrophied,
or uncoupled from the outer gate [1,10], in order to allow the
passage of Cl− in the ATP-bound conformation. This hypothesis is
supported by analysis of the reactivity of intracellularly applied
thiol-specific probes with cysteine residues substituted in TM12
[11].
Models of the 3D structure of outward-facing forms of the
CFTR channel, assumed to correspond to the open configuration
of the channel and in which the two nucleotide-binding domains
(NBDs) are closely associated in a head-to-tail configuration, have
been built based on the crystal structures of Sav1866 [12,13].
Models for closed conformations have been obtained more
recently, based on the experimental 3D structures of MsbA and
Pg-P in an inward-facing configuration [14]. Molecular dynamics
(MD) simulations have been also conducted on outward-facing,
Sav1866-based [15,16] and inward-facing models [17] to derive
“channel-like” conformations. The MD simulations on outward-
facing models led to the observation of a narrow region
(“bottleneck”) at the level of the proposed selectivity filter,
separating the outer and inner vestibules [15,16], whereas those
performed on the inward-facing model lead to observe a tight
dimerization of the NBD upon ATP-binding and a MsbA
“closed-apo”-like conformation in absence of ATP [17]. Exper-
imental data generally agree with the models of CFTR open states
facing outwardly and a cytoplasmic vestigial gate [11,18].
Cysteine-scanning studies indeed suggested the presence of a
cytoplasmic gate and a scheme where the open state would face
inwardly [19]. This last scheme is however hardly reconciled with
the tight association of the NBDs in the open configuration.
In all the models of the CFTR, outward-facing open channel,
the MSD intracellular loops (ICLs), located at the cytoplasmic
side of the pore, come close together to form, through their
internal helices, a four-helix bundle. As a passageway to the
internal vestibule is observed in our Sav1866-based models at the
level of this bundle, we hypothesized that the selected amino
acids may participate in the inner “broken” gate of the channel, in
addition to being involved in the tight association between the
two halves of the protein. In particular, we focused on two pairs
of amino acid predicted to line a narrow passageway, at the base
of the four-helix bundle: residues E267 and K1060 (presumed to
form an ICL2–ICL4 acid–base pair and located at the entry of the
passageway) and residues S263 and V1056 (located just above
the acid–base pair).
2. Methods
2.1. Homology modeling
Our model of the open form of human CFTR MSD:NBD
assembly, based on the Sav1866 structure [20] has been describedpreviously [12]. Molecular graphic images were produced using
the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (http://www.cgl.ucsf.edu/chimera).
2.2. Construction and expression of CFTR mutants
Mutagenesis was performed in the expression vector pEGFP-
CFTRwt as previously described [21]. HEK-293 cells were
transiently transfected with the cDNA constructs using cationic
lipids (JetPEI, QBiogene) with 0.2 μg/ml (patch-clamp method)
and 1 μg/ml of plasmid (western blot analysis). Cells were used
48 h post-transfection.
2.3. CFTR protein detection
CFTR maturation was explored by western blot analysis.
HEK293 cell lysates were separated by 5% polyacrylamide
SDS-PAGE (25 μg protein per lane). Immunoblotting was done
with a rabbit polyclonal anti-GFP primary antibody (clone
A6455, Invitrogen). Horseradish peroxidase-conjugated sheep
anti-rabbit (1:10,000; GE Healthcare) was used as secondary
antibody and revealed with ECL Western Blotting Detection
Reagent (Millipore). Core-glycosylated (B band) and fully-
glycosylated (C band) levels were quantified by densitometry of
scanned western blots using ImageJ software (Wayne Rasband,
National Institut of Health, USA). Percentage of processing for
each mutant was given by (band C/(band B+band C)×100) and
normalized using percentage value for each mutant over the same
percentage for wt-CFTR run on the same gel.
2.4. Patch-clamp studies of CFTR mutants
Ionic currents were recorded using the whole-cell configuration
of the patch-clamp method. Current/voltage (IV) relationships
were built by clamping the membrane potential at −40 mV and
stepping the voltage from −100 to +100 mV in 20 mV incre-
ments. The currents were digitized at 3 kHz and filtered at 2–
5 kHz using a computer attached to a Digidata 1200 interface
(Axon). The external bath solution contained (in mM) 145NaCl, 4
CsCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 10 TES (titrated with
NaOH to pH 7.4). The intrapipette solution contained (in mM)
113 L-aspartic acid, 113 CsOH, 27 CsCl, 1 NaCl, 1 MgCl2, 1
EGTA, 1 TES, and 3MgATP (ex temporane) (titrated with CsOH
to pH 7.2). All experiments were conducted at room temperature
(20–25 °C) and the mean values of membrane capacitance were
24.7±2.6 pF (n=97). In all experiments, CFTR channels were
activated by elevating intracellular cAMP levels using 10 μM
of the adenylate cyclase agonist forskolin (Fsk). Then the
thiazolidinone blocker CFTRinh-172 was used at 10 μM to
systematically and selectively inhibit CFTR channels [21,22].
2.5. Statistics
Results are expressed as mean±standard error of the mean
(SEM) of n observations. Data were compared with Student's t-test.
Differences were considered statistically significant at pb0.05.
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3.1. A passage to the internal vestibule identified at the base of
the four-helix bundle formed by the internal helices of the ICLs
We first considered our own model of the outward-facing
CFTR MSD:NBD assembly (open form of the channel) [12],
based on the outward-facing Sav1866 experimental structure [20]
(Fig. 1). In this structure, the ICLs of the MSDs largely protrude
into the cytoplasm and contact the NBD domains through coupling
helices that run parallel to the membrane plane (Fig. 1A). At the
level of the four-helix bundle formed by the internal α helices of
these ICLs, one can observe a passageway to the internal vestibule
(Fig. 1B). As already indicated previously [12], this passage may
allow the conduction of Cl− (Fig. 1B–C). In particular, we
highlighted here two pairs of amino acid residues, which were
selected for experimental investigation. We made a similar
observation when considering two other models of the CFTR
open channel based on the corrected MsbA 3D structure [23] and
on the basis of the Sav1866 structure [13] (Supporting InformationFig. 1. The CFTR central funnel formed by the ICL four-helix bundle. Left (A): gen
nucleotide binding domains (NBDs), in the outward-facing conformation (open channe
coupling helices, are colored. TM stands for transmembrane helices and RI for regulato
links the N- and C-terminal halves, whose phosphorylation by protein kinases regulat
principally as it cannot be modeled with the same accuracy than theMSDs:NBDs assem
pore, are highlighted. Right: focus on the funnel tip, highlighting the positions of some a
Top view (from membranes), highlighting the couple of acidic and basic amino acids
located one helix-turn before, which are included in an essentially hydrophobic ring, at
four helix bundle lining a central pore. Bottom (C): side view.(SI) Fig. S1), as well as on the Sav1866-base model obtained after
MD simulations [16].3.2. A critical ICL2–ICL4 acid–base pair at the base of the
four-helix bundle
Noteworthy, ICL2 (green ribbon) and ICL4 (red ribbon)
plunge more deeply towards the NBDs than ICL1 (blue ribbon)
and ICL3 (orange ribbon) (Figs. 1C and 2). At the end of the
descending helices of ICL2 and ICL4, at the cytoplasmic side of
the four helix-bundle, an acid (E267)–base (K1060) pair of
amino acids is observed (Fig. 2A). To investigate the role of these
two amino acid residues, we undertook site-directed mutagenesis
studies. In order to change the properties of the side chains, we
replaced each amino acid by a small, uncharged residue (mutants
E267A-CFTR and K1060A-CFTR) or by an oppositely charged
residue (mutants E267R-CFTR, K1060E-CFTR). We also
studied the double mutant E267R–K1060E-CFTR, where the
negative and positive charges are inverted.eral view of the CFTR assembly of membrane spanning domains (MSDs) and
l). The cytoplasmic extremities of the four intracellular loops (ICLs), including the
ry insertion. The two nucleotides are represented. The regulatory (R) domain that
es the channel activity (and whose structure remains elusive), is not represented,
bly. Four amino acids, which have already been shown to participate in the channel
mino acids, whose functional importance has been analyzed in this study. Top (B):
at the entrance of the funnel (cytoplasmic tip of the funnel) and two amino acids
the narrowest part of the observed passageway. The internal helices of ICLs form a
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Fig. 2. Importance of the ICL2–ICL4 amino acid couple E267–K1060 for CFTR function. (A) 3D representation of the acidic (E267) and basic (K1060) amino acid pair,
located at the end of the descending helices of ICL2 (colored green) and ICL4 (colored red).Top: side view; bottom: bottom view (from theNBDs). (B)Maturation analysis of wt
and mutant CFTR channels. Top: Example of whole cell lysates fromHEK293 cells expressing wt or mutant CFTR proteins analyzed by SDS-PAGE and western blotting with
an anti-GFP antibody. Grey arrows at the left show band B, 210-kDa core-glycosylated EGFP-CFTR and band C, 240-kDa mature-glycosylated EGFP-CFTR. Bottom: Means
of normalized maturation values of wt and mutant CFTR proteins from different cell lysates and independent gels (n=6–9). Dotted lines represent a maturation similar to that of
the wt protein (C, D)Whole cell chloride currents of HEK293 cells expressingwt-CFTR, E267A/R-, K1060A/E- or E267R–K1060E-CFTRmutants in presence of 10 μMFsk.
(C) Representative current traces of wt and indicatedmutants, elicited by stepping from holding potential of−40 mV to a series test potentials from−100 to +100 mV in 20 mV
increments. Dotted lines represent the zero current level. (D) Corresponding current–voltage relationships normalized by cell capacitance. Dotted lines represent current–voltage
relationship elicited by wt-CFTR. The current values at each potential at the end of the current traces were used to construct current density–voltage curves. Error bars represent
s.e.m, n=7–18 as specified in Fig. S2.
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741A. Billet et al. / Journal of Cystic Fibrosis 12 (2013) 737–745First we investigated the maturation of the wild-type (wt) and
all the mutated proteins by western blot analysis. We measured a
similar maturation profile for all proteins studied, with the
core-glycosylated (band B) and fully-glycosylated (band C)
forms of CFTR (Fig. 2B). Thus, these mutations did not alter
CFTR maturation process and all mutants expressed a level of
mature protein similar to that of wt CFTR.
We next explored the functional activity of each CFTR mutant
using the whole cell configuration of the patch-clamp technique.
Analyses of the current traces (Fig. 2C) and their corresponding
current–voltage relationships (Fig. 2D) demonstrate clear changes
between the Cl− currents recorded with wt and mutant CFTR.
First, the presence of a small and uncharged residue at the E267
position (E267A mutant) decreased by approximately 50% the
Cl− current density compared to wt. Next, replacement of a
negatively charged side chain by a positive one (E267R mutant)
induced a 90–95% reduction of the inward and outward Cl−
currents calculated at negative or positive potentials (Fig. 2C–D).
For K1060, irrespective of the replacement of the positively
charged side chain by a small uncharged residue (K1060A
mutant) or a negatively charged residue (K1060E mutant), the
inward and outward Cl− current densities were 50–60% lower
than the corresponding Cl− currents elicited by wt channels but
similar to that of the E267A mutant. Finally, with the “inverted”
double mutant (E267R–K1060E) the recorded Cl− current density
was not significantly different from wt CFTR. All CFTR mutants
studied were fully inhibited by CFTRinh172 (Fig. S2).
3.3. A critical ICL2 and ICL4 couple within the bottleneck of
the four-helix bundle
As previously reported, after careful examination of our model
we identified a clear constriction located just above the E267/
K1060 pair and where the four ICL helices appear to be very
tightly associated (Figs. 1C and 2A). In this area, two amino
acids, S263 in ICL2 and V1056 in ICL4, which are located one
helix turn before E267 and K1060, face each other and are in
close proximity (4.1 Å between S263 Oγ and V1056 Cγ2)
(Fig. 3A). To investigate the influence of these two amino acids
on CFTR channel function, we substituted one or both residues
by a histidine residue, which is a potentially positively charged
residue as it is protonable in a pH-dependent manner (pKa of ~6),
creating thereby the mutants S263H- and V1056H- as well as the
double-mutant S263H–V1056H-CFTR. This choice was primar-
ily motivated by the fact that a histidine residue is found at this
position in the Sav1866 protein (H204), which was used as
template for CFTR modeling and is made of two identical
hemi-transporters.
Following the observation of a normal maturation profile of
these mutant CFTR proteins (Fig. 3B), we recorded the cAMP-
stimulated whole cell Cl− currents (Fig. 3C–D). Importantly upon
addition of forskolin, the electrophysiological properties of the
ICL2 S263H and ICL4 V1056H mutants were clearly different
from those observed with wt CFTR: the CFTR current observed
with both mutants was time and voltage dependent (Fig. 3C–D).
At positive potentials, the outward current of S263H and V1056H
mutants greatly increases compared to wt, but contrary to wtCFTR currents, it deactivates during the pulse potential
(Figs. 3C–D, 4). This novel voltage-dependence of the mutant
CFTR activity is even more pronounced at negative potentials,
where the augmented Cl− current dramatically deactivates
compared to wt CFTR (Fig. 4, Table 1). In addition for both
mutants we recorded substantial tail currents much greater than
those observed with wild type. Interestingly, in the case of the
double mutant S263H–V1056H, we observed the restoration of
the time and voltage independence of the current as well as of the
level of the current density (Fig. 3C–D, Table 1). All CFTR
mutants were fully inhibited by CFTRinh172 (Fig. S2, Table 1).
4. Discussion
In the present work, we looked for as yet not described
molecular determinants controlling the functioning of CFTR, at
the level of the ICL from membrane-spanning domains. The ICL
coupling helices, which make the interfaces with the NBDs, have
already been largely explored and shown to play a critical role in
channel gating [24]. Here, we focused our interest on a distinct
region, located at the extremities of the ICL2 and ICL4 long
internal helices, prolonging the membrane-spanning helices, and
forming, together with ICL1 and ICL3, a four-helix bundle.
Through the measurement of whole cell current of CFTR
mutants, we highlighted the critical role of two amino acid pairs
E267–K1060 and S263–V1056, for CFTR functioning.
Two hypotheses can be made for explaining the role of these
ICL residues in CFTR functioning. The first one is to consider that
contacts between ICLs from the two MSDs (ICL2 of MSD1 and
ICL4 of MSD2) are critical for the formation of the interface
between the two halves of the protein by reinforcing the
dimerization observed for the CFTR's cytoplasmic NBDs [25].
Accordingly, the mutations studied here might thus impact on
channel gating.
Another hypothesis, arising from the comparison of CFTR
with true ABC transporters, consists in considering that CFTR
might have evolved, at the level of the four-helix bundle formed
by the four ICLs, from the general architecture of ABC trans-
porters to form an atrophied gate, allowing the passage of Cl−.
Accordingly, the central vertical opening, which was identified
amid the four-helix bundle, may thus be involved in Cl− per-
meation at the intracellular side of CFTR and may participate in
the cytoplasmic entrance of the channel pore. This entrance
consists of at least two levels on the bundle, the first one, which
involves the acid–base pair E267–K1060, giving access to a
mostly hydrophobic couple S263–V1056. According to this latter
hypothesis, the mutations reported here should rather have an
effect on CFTR conductance.
Thus, the results obtained in the present study are consistent
with the two “gating” and “conductance” hypotheses mentioned
above. Clearly, additional experimental investigations are needed
to distinguish effects on chloride permeation from effects on
channel gating.
As shown here, the acid–base pair E267–K1060 located at the
entrance of the pore plays a critical role in CFTR functioning.We
observed that the abolition of one charged residue in the E267A
or K1060Amutants induced a 50% diminution of the Cl− current
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Fig. 3. Functional analysis of ICL2 and ICL4 amino acidmutations. (A) 3D representation of amino acids from ICL2 and ICL4. The position of E267/K1060 couple is shown as
a reference. (B) Maturation analysis of wt and mutant CFTR channels. Top: Example of whole cell lysates from HEK293 cells expressing wt or mutant CFTR proteins. Bottom:
Means of normalizedmaturation values ofwt andmutant CFTRproteins (n=3–8). Dotted lines represent amaturation similar to that of thewt protein. (C,D)Whole cell chloride
current of HEK293 cells expressing S263H-CFTR, V1056H-CFTR or the double mutant S263H–V1056H-CFTR obtained in presence of 10 μM Fsk. (C) Representative
current traces of mutants and (D) corresponding current–voltage relationships normalized by cell capacitance. The current values at each potential at the end of the current traces
were used to construct current density–voltage curves. Dotted lines represent (C) the zero current level or (D) current–voltage relationship elicited by wt-CFTR. Error bars
represent s.e.m, n=8–18 as specified in Fig. S2.
742 A. Billet et al. / Journal of Cystic Fibrosis 12 (2013) 737–745density (Fig. 2). These results indicate that there is a diminution of
the Cl− flow when a single one of the two charges is abolished.
Interestingly, the negatively charged residue E267 of the E267–
K1060 pair might have the most important role. Indeed, only
substitution of the negatively charged residue E267 (E267R
mutation) had a very drastic effect since it induced a complete loss
of Cl− current. Finally, since the interchange of the two charged
residues (E267R–K1060E) did not modify the chloride currentdensity, one may hypothesize that the presence of an electrostatic
interaction between the two amino acids is more critical than their
respective positions. It is noteworthy here that the position of the
glutamate E267, at the intracellular end of this ion translocation
pathway, is reminiscent of the situation occurring in ClC channels,
in which a glutamic acid (called the gating glutamate or Gluex) is
also located at the interface between transmembrane segments and
a cytoplasmic cystathionine beta-synthase (CBS) domain [26–28].
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Indeed, in the ClC channels, a mutation of the glutamate residue
into glutamine (mimicking a protonated state) prevents the
binding of the side chain to the external ion binding site Sex,
thereby allowing ion binding and leading to a channel that is
constitutively open [28,29]. The role of the CFTR glutamate
E267 is however probably different, as its substitution by a
permanently protonated arginine residue leads to the loss of Cl−
current. A hypothesis, consistent with the “gating”mechanism, is
that E267 may be involved in the stabilization of the channel
open state via a salt bridge with K1060 (similarly to the R352/
D993 couple [9]) and thereby prevents the dissociation of NBDs.
Another hypothesis, consistent with the “conductance” mecha-
nism, is that E267 may be involved in the stabilization of a
possible interaction of Cl− with K1060; E267 may also be
directly involved in the binding of dehydrated Cl−, as it is theTable 1
Summary of the mean current density recorded for wt and mutants CFTR in basal cond
and +100 mV. Statistical tests compared the indicated current values for each CFTRmu
potential are measured at the end of the current traces.
I (pA/pF) at −100 mV
Basal Fsk/start of the pulse
Mean SEM N Mean SEM N
wt −3.4 0.9 18 −100.4 17.5 18
S263H −3.1 0.8 8 −207.0 37.8 8
V1056H −2.0 0.6 7 −213.0 31.6 7
S263H–V1056H −1.8 0.4 16 −96.0 14.5 16
I (pA/pF) at +100 mV
Basal Fsk/start of the pulse
Mean SEM N Mean SEM N
wt 14.5 4.1 18 260.5 46.1 18
S263H 13.1 3.5 8 573.5 75.5 8
V1056H 5.7 1.9 7 588.8 68.6 7
S263H–V1056H 7.8 1.2 16 279.1 40.5 16
ns: not significant difference; **: pb0.01; ***: pb0.001.case for the ClC gating glutamate, whose side chain coordinates
Cl− in the central ion binding site Scen.
In the Sav1866-based 3D models, one can observe a
constriction of the four-helix bundle, where the four ICL helices
are tightly associated. They form a predominantly hydrophobic
girdle involving the pair residues ICL2 S263 and ICL4 V1056.
This situation is reminiscent of that observed for the glutamate-
gated chloride channel of Caenorhabditis elegans, in which a
similar pore constriction exists at the cytoplasmic side of the
transmembrane segments [30]. As for that channel and according
to the “conductance” hypothesis, the movement of the anion
through the CFTR constriction should involve a substantial
dehydration. Of note here is that analysis of surface electrostatics
indicates that the CFTR constriction may have a positive
electrostatic potential, suggesting that it might constitute a
privileged site for Cl− ion binding. In that context, the fact thatition, in presence of 10 μM Fsk or 10 μM Fsk+10 μMCFTRinh-172 at −100 mV
tant with wt current values. For basal and CFTRinh-172 the indicated values at each
Fsk/end of the pulse +CFTRinh172
t test Mean SEM N t test Mean SEM N
−74.3 7.3 18 −11.2 3.0 18
** −84.6 13.9 8 ns −5.9 1.0 8
** −95.0 18.7 7 ns −4.1 0.9 7
ns −80.5 9.3 16 ns −7.9 1.0 16
Fsk/end of the pulse +CFTRinh172
t test Mean SEM N t test Mean SEM N
233.6 25.0 18 35.9 6.2 18
** 523.7 60.5 8 *** 25.8 6.7 8
*** 531.9 65.6 7 *** 14.9 4.2 7
ns 264.7 30.7 16 ns 14.0 4.8 16
744 A. Billet et al. / Journal of Cystic Fibrosis 12 (2013) 737–745replacement of the two amino acids, S263 and V1056 by a
potentially positively charged histidine residue resulted in
augmented Cl− current densities (Fig. 3), suggests that this
additional positive charge may actually increase the attraction of
Cl−. In addition, mutations of the S263 and V1056 residues,
which are located just one helix turn before E267 and K1060,
induced a drastic effect on the electrophysiological signature of
CFTR since an outward rectification of the Cl− current was
observed. Clearly, the understanding of the reasons underlying the
outward rectification seen in both S263H and V1056H mutants
requires further in-depth investigations, nevertheless the effects of
those mutations on current density and voltage-dependence
suggest that this region of the protein may play a critical role in
the Cl− pathway andmay be physically close to the inner mouth of
the pore. Restoration of the voltage independence and of a current
density similar to wt in the double mutant S263H–V1056H might
be explained by the probable tight contact between the two
histidine residues, similarly to the situation occurring in the
Sav1866 template, a contact possibly counteracting the effects of
the single mutant (S263H or V1056H) on current density.
In summary, our work highlights the critical functional role of
a region of the protein located at the level of the CFTR ICLs and
possibly involved in the gating mechanism and/or forming the
intracellular end of the Cl− permeation pathway. According to
this “conduction” hypothesis, this region might actually corre-
spond to a broken inner “pseudo-gate”, allowing Cl− movement
at the cytoplasmic entrance of the pore when CFTR is in its open
(outward-facing) conformation. In a broader perspective, our
work on CFTR, which is the unique ABC protein functioning as
an ion channel, also allows important insights into how a basic
ABC transporter architecture can be adapted to function as a
channel.
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